INTRODUCTION
It is now well documented that Fe limits phytoplankton growth in HNLC (high nutrient, low chlorophyll) regions of the worlds oceans (Martin & Fitzwater 1988 , Martin & Gordon 1988 , Price et al. 1994 , De Baar et al. 1995 , Coale et al. 1996 and that up to 99.9% of the dissolved Fe in the oceans is bound to strong organic ligands (Gledhill & van den Berg 1994 , Rue & Bruland 1995 , Wu & Luther 1995 . The role that heterotrophic bacteria play in the acquisition and cycling of Fe is, however, much less understood. Bacterial growth can be either directly or indirectly stimulated by Fe additions in Antarctic (Pakulski et al. 1996 , Boyd et al. 2000 , Church et al. 2000 and sub-Antarctic waters (Hutchins et al. 2001) , in the subarctic Pacific (Hutchins et al. 2001) , in the equatorial Pacific (Price et al. 1991 , Cochlan 2001 , and along the coast of California , 2001 .
Siderophores are low molecular mass compounds with a high affinity for ferric ion that are secreted by microorganisms in response to low iron availability, facilitating iron acquisition and uptake (Reid et al. 1993 , Lewis et al. 1995 , Wilhelm et al. 1996 , 1998 . There have been only a few studies characterizing siderophore production in marine heterotrophic bacteria. Among these structurally identified siderophores are alterobactins, marinobactins and aquachelins, with iron-binding functional groups consisting of catechol and β-hydroxy-aspartate moieties (Reid et al. 1993 , Butler 1998 , aerobactin produced by a marine Vibrio species and containing 2 iron-binding hydroxamate moieties (Haygood et al. 1993) , and desferrioxamine G, ABSTRACT: Nearly all of the dissolved iron in the ocean is bound in very strong organic complexes, but how heterotrophic bacteria obtain Fe from these uncharacterized natural ligands is not understood. We examined Fe uptake from model ligand/ 55 Fe complexes by cultures of gamma and alpha marine proteobacteria grown under Fe-replete and Fe-limited conditions, and by natural bacterioplankton communities from the Sargasso Sea and California upwelling region. Model chelators included siderophores and porphyrins chosen to represent the possible structures of the unknown natural ligands. Complexed-Fe uptake was compared to uptake of Fe added in inorganic form. In all cases, the Fe-stressed cultures had higher uptake rates than the Fe-replete bacteria. The gamma proteobacterium Vibrio natriegens was best able to use siderophore-bound Fe, especially from the catecholate siderophore enterobactin and the dihydroxamate rhodotorulic acid, but had very little success at utilizing porphyrin-bound Fe. In contrast, the alpha proteobacterium IRI-16 could use very little of the Fe bound to any of the model ligands in comparison to iron added in inorganic form. We observed variable degrees of Fe availability relative to ligand structure in natural communities. In some cases, Fe uptake by the prokaryotic size-class was most efficient from siderophores; in other cases, porphyrin-bound iron was more available. To better understand organically-bound Fe utilization by natural bacterioplankton communities, further studies combining ligand bioavailability measurements with detailed analyses of bacterioplankton community composition are needed.
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Resale or republication not permitted without written consent of the publisher a trihydroxamate siderophore from a zooplanktonassociated Vibrio species (Martinez et al. 2001 ). Another study supported the importance of siderophores in Fe transport by heterotrophic marine bacteria, and suggested that bacteria may rely on siderophores to acquire Fe in situ (Granger & Price 1999) . Marine prokaryotes can also utilize Fe bound to exogenous siderophores, which has important implications for Fe acquisition and competition within the plankton community (Granger & Price 1999 , Guan et al. 2001 .
The molecular structures of the dissolved organic ligands that bind virtually all of the dissolved Fe in the world's oceans are currently unknown. A variety of organic ligands are likely to be found in the open ocean environment, as suggested by studies of structurally characterized siderophores produced by a few cultured marine prokaryotes (Haygood et al. 1993 , Wilhelm & Trick 1994 , Wilhelm et al. 1996 , 1998 , Butler 1998 ) and knowledge of the types of strong Fe chelators present in phytoplankton cells, such as porphyrins, that could be released by grazing or viral lysis , Witter et al. 2000 . Porphyrins are components of chlorophylls and heme proteins (Geider & LaRoche 1994) and are characterized by 4 pyrrole rings linked together by a methane bridge. Both siderophores and porphyrins have very high conditional stability constants for iron binding which are nearly identical to those of the natural ligands in seawater (Rue & Bruland 1995 , Witter et al. 2000 .
The goal of this study was to determine the role that organic ligand structure plays in the acquisition of iron by heterotrophic bacteria, and thus provide one of the missing links to the cycling of Fe in the oceanic environment. To do this, we used model ligands chelated with 55 Fe, such as those used by Hutchins et al. (1999) . We hoped to determine whether heterotrophic bacteria show a preference for Fe bound to catecholate or hydroxamate siderophores, porphyrins or phytic acid, and whether differences exist in Fe utilization between 2 common marine bacterial subclasses, the alpha and gamma proteobacteria (Fuhrman et al. 1989 , 1993 , Delong et al. 1993 . For both subclasses of proteobacteria, we predicted preferential utilization of Fe bound to siderophore-type model ligands and very little utilization of porphyrin-bound Fe, as reported by Hutchins et al. (1999) for natural prokaryotic communities and cultured cyanobacteria.
We also compared the bioavailability of Fe bound to these ligands to bacterioplankton communities from 2 oceanographic regimes. The California upwelling regime is a high-nutrient coastal area where the phytoplankton community is dominated by large chainforming diatoms such as Chaetoceros spp., and the smaller size-classes consist mostly of nanophytoplankton and heterotrophic bacteria; cyanobacteria are virtually absent here. Large parts of this region are now known to be Fe-limited coastal HNLC environments . We also examined uptake of Fe from our model complexes by the natural bacterioplankton community in the oligotrophic Sargasso Sea, where communities consist mostly of picoplanktonic cyanobacteria (such as Synechococcus and Prochlorococcus) and bacteria .
MATERIALS AND METHODS
Model ligands. Model strong Fe chelators chosen for the laboratory and field Fe-uptake experiments included siderophores, porphyrins and phytic acid. Ligand structures are presented in Fig. 1 , and logs of conditional stability constants for Fe binding with respect to free Fe 3+ are presented in Table 1 . Published conditional stability constants are not available for the dihydroxamate siderophore rhodoturulic acid or the porphyrin chlorin e 6 , but are likely similar to those of the other structurally similar ligands. Four different porphyrins were used: chlorin e 6 (field experiments only), phaeophytin a, phaeophorbide a, and protoporphyrin IX (Fig. 1) . Protoporphyrin IX is an intermediate in the formation of heme that could be released into the water column by grazing (Hutchins & Bruland 1994 ), viral lysis (Gobler et al. 1997) , or autolysis (Berges & Falkowski 1998) . Chlorin e 6 , phaeophorbide a, and phaeophytin a are derivatives of chl a from which the Mg has been removed, as may happen when passing through the acidic stomach of grazers (Head & Harris 1994) , making them strong Fe chelators (Witter et al. 2000) . Witter et al. (2000) using competitive ligand equilibration methods with 1N2N, except for enterobactin which was determined using the kinetic method of Wu & Luther (1994) The siderophores used were enterobactin (lab experiments only), ferrichrome, desferrioxamine B, and rhodotorulic acid (Fig. 1 ). Ferrichrome and desferrioxamine B both contain tri-hydroxamate moieties, rhodotorulic acid has a di-hydroxamate functional group, and enterobactin is a catecholate siderophore. Desferrioxamine B differs from the marine bacterial siderophore desferrioxamine G only by the substitution of a terminal methyl group by a propionic acid group (Martinez et al. 2001) , while rhodotorulic acid may be considered a general model for dihydroxamate marine siderophores like aerobactin (Haygood et al. 1993) . Phytic acid, a strong Fe chelator with a hexa-phosphate inositol ring structure (Witter et al. 2000) , was also used. It is not a siderophore or porphyrin, but is produced in abundance by terrestrial seeds, pollens, and spores. Suzumura & Kamatani (1995) demonstrated that phytic acid can be abundant in coastal waters.
The ligand stocks were prepared and deferrated if needed as described in Witter et al. (2000) . Concentrated 55 Fe/ligand stocks were prepared in acid washed 60 ml polycarbonate bottles and were equilibrated in the dark for 24 h before use. For both laboratory and shipboard uptake experiments, model ligand/ Laboratory culture iron uptake experiments. Vibrio natriegens, a heterotrophic gamma proteobacterium, and IRI-16, a heterotrophic alpha proteobacterium, were the isolates chosen for the culture bioavailability experiments. These 2 subclasses are common in many marine environments (Giovanonni et al. 1990 . These strains were selected for their ability to be cultured in minimal medium, and because they reach exponential growth phase in approximately 12 to 15 h. The minimal media for the lab experiments were prepared using 0.2 µm filtered seawater collected from the low-Fe, oligotrophic waters of the Sargasso Sea, using trace-metal clean techniques ). This water was brought back to the lab and stored in the dark under refrigeration until needed for experiments. It was passed through a UV oxidation system (Kontes, Ace Glass, 1200 W, seawater residence time ~5 h) to remove any natural organic ligands (Donat & Bruland 1988 ) before use in the experiments. Minimal medium was prepared by adding 35 mM glucose, 6 mM ammonium, and 0.1 mM phosphate to the UV oxidized seawater (final pH 7.8). The medium was then microwave sterilized for 24 min. and allowed to cool overnight (Keller et al. 1988) .
To remove any trace-Fe contamination, Fe-deplete medium for growing Fe-limited cultures was passed through a chelex 100 column (Price et al. 1989 ). Fereplete medium was prepared by adding 2.5 × 10 -8 M Fe/EDTA. Fe-free solutions of trace metals and f/2 vitamins were added to the chelated and un-chelated media (Price et al. 1989) .
Bacteria were transferred from a Luria-medium agar plate into 50 ml Fe-replete minimal medium, grown to exponential growth phase (12 to 15 h), and then harvested by centrifugation. The resulting pellet was resuspended in Fe-deplete medium to wash extracellular Fe from the cells, and once again harvested by centrifugation. The bacteria were then resuspended in 10 ml Fe-deplete medium, and 250 µl of the resuspended concentrated cells were transferred in triplicate into 25 ml of Fe-replete medium and Fe-deplete medium. The cells were transferred to fresh medium every 12 to 15 h until the bacteria in the Fe-deplete medium were grown into Fe limitation. Bacterial growth was monitored by measuring absorbance at 600 nm during the experiments. Samples for bacterial cell counts were preserved in 2% formaldehyde, stained with acridine orange, and counted using epifluorescence microscopy (Hobbie et al. 1977) .
Fe uptake experiments were prepared by adding 1 ml of the equilibrated ligand/ 55 Fe stock solutions to 20 ml of Fe-deplete medium in acid washed polycarbonate incubation bottles. Once the bacteria in Fedeplete medium were Fe-limited and both treatments were in exponential growth phase, cells were concentrated by centrifugation and 250 µl of the cells were added to each uptake bottle. All treatments were run in triplicate. The cells were allowed to take up Fe for 2 h, and were then filtered onto a 0.2 µm filter, rinsed with Ti (III) reagent to remove any extracellular iron , and radioassayed. Iron uptake (mol ml -1 h -1 ) for each ligand was determined from the resulting counts of 55 Fe disintegrations min -1 and the specific activity of the isotope, as described in Schmidt & Hutchins (1999) , and was then normalized to bacterial cell concentrations (mol 55 Fe cell -1 h -1
). Shipboard natural community iron uptake experiments. Unfiltered near-surface (5 to 10 m) seawater samples containing natural plankton communities were obtained using a trace-metal clean Teflon pump system ) aboard the RV 'Point Sur' in June 1999 in the California upwelling regime, and the RV 'Cape Henlopen' in June 2000 in the Sargasso Sea. Collection sites for our experiments are shown in Fig. 2A (California) and Fig. 2B (Sargasso Sea). The water was collected in an acid washed 50 l carboy under trace-metal clean conditions, and then transferred into 2.7 l acid-washed polycarbonate bottles. Model ligand/ 55 Fe complexes were added and the bottles were placed in flow-through deck-board incubators to simulate ambient temperature and light conditions at the 40% light level. The bottles were incubated for approximately 48 h to allow sufficient uptake of 55 Fe from the model ligand complexes for good counting statistics (< 5% counting error). Duplicate treatments of each ligand were used in the California upwelling and triplicate treatments of each ligand were used in the Sargasso Sea.
As in the laboratory experiments, treatments were included in which 5 nM inorganic 55 Fe ( 55 FeCl 3 in 0.01 M HCl) was added directly to the incubation bottles without any added model ligands. Due to rapid complexation kinetics (Witter et al. 2000) , the added Fe quickly equilibrates with any natural excess ligands in the seawater sample, and so cannot be assumed to remain in inorganic form. Fe uptake from the model ligand complexes in the other treatments was normalized to the 'inorganic' treatments to allow comparisons of relative uptake between different ligands and different stations.
After the 48 h incubation period, the seawater was pre-filtered through a 1.0 µm polycarbonate filter (Poretics) to remove large phytoplankton and grazers. The remaining bacterioplankton were then collected on 0.2 µm filters and washed with Ti (III) reagent to remove any extracellular iron . 55 Fe radioassays of the filters and bacterial cell counts of preserved samples were carried out as described above for the laboratory experiments.
All field uptake data are presented as mol Fe cell -1 taken up over the whole 2 d incubation, rather than as an uptake rate. Because these are not short-term uptake measurements with relatively constant biomass (as in the laboratory experiments), presentation as an uptake rate is not appropriate. Results are presented as the averages of triplicate or duplicate samples, and the error bars represent standard deviations (Sargasso) or ranges (California) of the replicates. As noted above, to allow for a comparison between stations and environ-ments, the uptake values of the organically bound Fe were normalized to uptake of the inorganic Fe. A normalized value >1 suggests that the bacterioplankton community utilized the organically bound Fe more efficiently than the inorganic Fe, and a value <1 suggests they were less available than inorganic Fe. Error bars were calculated by propagation of error. Sizefractionated fluorometric chl a (0.2, 1.0 and 8.0 µm, California) or total chl a (> 0.2 µm, Sargasso) and nutrient measurements (NO 3 -, PO 4 3 -and SiOH 4 ) were made with standard methods (Parsons et al. 1984) .
RESULTS

Iron uptake by a gamma proteobacterium
In every case, Fe-limited cultures of the gamma proteobacterium Vibrio natriegens had significantly higher cell-normalized Fe uptake rates (1-way ANOVA, p < 0.05) than the Fe-replete cultures (Fig. 3) . Fe uptake rates were highest in the treatment with added inorganic Fe. In general, Fe-utilization rates were slightly to markedly higher in the siderophore treatments when compared to the porphyrin treatments. Of the various ligand complexes, the highest uptake rates were of Fe bound to the dihydroxamate siderophore rhodotorulic acid: 23% less than from inorganic Fe in the Fe-replete treatment, and 37% less than from inorganic Fe in the Fe-deplete treatment (Fig. 3A) . The Fe-deplete bacteria had a somewhat lesser ability to utilize Fe bound to the trihydroxamate siderophore desferrioxamine B, with uptake rates that were 76% less than the inorganic Fe treatment. The Fe-replete bacteria used Fe bound to the siderophore desferrioxamine B and the porphyrin phaeophytin with about equal efficiency (~16 × 10 -22
mol Fe cell -1 h -1 ). Both the Fe-deplete and Fe-replete V. natriegens cells used little of the Fe bound to phaeophorbide (97% less than the inorganic treatment).
The second experiment with Vibrio natriegens used a different set of model ligand/
55
Fe complexes (Fig. 3B) . The average cell-normalized uptake rate in the inor- and 24), (B) Sargasso Sea (Stns 6, 12 and 15) ganic treatment was almost 3 times greater than in the first experiment. As in the first experiment, uptake rates were also highest in the inorganic Fe treatment. , 39% less than the Fe-replete inorganic treatment.
The other types of ligand complexes were relatively less available to Vibrio natriegens (Fig. 3B) . The Fe-deplete phytic acid treatment had the next highest uptake rate (111 × 10 -22 mol Fe cell -1 h -1 , 84% less than the inorganic treatment) followed by the Fe-deplete ferrichrome treatment (89 × 10 -22 mol Fe cell -1 h -1 , 87% less than the inorganic treatment). The Fe-limited bacteria had the least success utilizing Fe bound to protoporphyrin IX (91% less than the inorganic treatment). The Fe-replete bacteria had similar, very low uptake rates in the protoporphyrin IX, phytic acid, and ferrichrome treatments (approx. 30 × 10 -22 mol Fe cell -1 h -1 , ~90% less than the inorganic treatment).
Iron uptake by an alpha proteobacterium
We used the same model ligand/ 55 Fe complexes with an alpha proteobacterium (IRI-16, Fig. 4 ). Like the gamma proteobacterial isolate, uptake rates by IRI-16 were always higher in the Fe-deplete than in the Fe-replete cultures (p < 0.03), regardless of the chemical speciation of Fe. However, uptake by IRI-16 was minimal from all of the ligand complexes compared to the inorganic treatment. Fe uptake rates were 311 × 10 -22 mol Fe cell -1 h -1 in the Fe-deplete inorganic Fe treatment, greater than in all other Fedeplete ligand treatments by at least 90%, and 46 × 10 -22 mol Fe cell -1 h -1 in the Fe-replete inorganic treatment, exceeding Fe uptake in the other Fe-replete ligand treatments by at least 69% (Fig. 4A) Fe complexed to the dihydroxamate siderophore rhodotorulic acid, the trihydroxamate siderophore desferrioxamine B (DFOB), and the porphyrins phaeophytin and phaeophorbide. (B) The second experiment using the catecholate siderophore enterobactin, the trihydroxamate siderophore ferrichrome, the porphyrin protoporphyrin IX, and the phosphate chelator phytic acid. In both experiments, Fe uptake from the ligand complexes was compared to the uptake of Fe added in inorganic form. Fe uptake is expressed as mol Fe cell ) uptake rates were about 98% less than the Fereplete inorganic treatment, and Fe-replete phytic acid, ferrichrome, and enterobactin uptake rates were about 90% lower. The Fedeplete bacteria in the enterobactin, ferrichrome, and phytic acid treatments also had uptake rates ~90% less than in the Fe-deplete inorganic treatment. Fe uptake in the Fedeplete protoporphyrin IX treatment was 4-fold lower than in the other Fe-deplete treatments (12 × 10 -22 mol Fe cell -1 h -1
).
Iron uptake in the California upwelling
The areas studied in the California upwelling regime ranged from Fe-replete at Stn 8 (1.62 nM) to Fe-stressed at Stn 24 (0.14 nM) as discussed in and Kirchman et al. (2000) . Table 2 ) at Stn 9 (Fig. 5) . However, because of the relatively large variability in the duplicate inorganic Fe bottles at these stations, this difference is not significant at the 95% confidence level.
Fe bound to the siderophores ferrichrome and rhodotorulic acid was the most readily available to the 0.2 to 1.0 µm size-class at Stns 9 and 24 (Fig. 5) ) was comparable to the 2 hydroxamate siderophores. Fig. 6 presents the California uptake data normalized to the uptake of inorganic Fe. This data treatment suggests that Fe bound to phaeophytin at Stn 8 in the California upwelling was utilized about as efficiently (relative to inorganic Fe) as Fe bound to rhodotorulic acid at Stn 24; both were much more available than Fe added in the inorganic form (2.5 × and 2.4 × greater, respectively). Fe bound to rhodotorulic acid at Stn 9 was used less efficiently than inorganic Fe (0.6 ×), but this same ligand was much more available than inorganic Fe at Stn 24 (2.4). At Stn 9, inorganic Fe was more efficiently used by the bacterioplankton community than either of the 2 hydroxamate siderophores (rhodotorulic acid 0.6 ×, ferrichrome 0.7 ×). The inorganic Fe-normalized uptake of phaeophorbide-bound Fe at Stn 8 (0.1) was negligible compared to Stn 24, where the Fe/phaeophorbide complex was more available than inorganic Fe (1.6). Kirchman et al. (2000) . Fe was not measured on the Sargasso cruise, but a range of typical values for this area is given from Wu & Luther (1994 . nd: no data 
Iron uptake in the Sargasso Sea
The oligotrophic, cyanobacteria-dominated waters of the Sargasso Sea were much less biologically and biogeochemically variable than California waters (Table 2) . Phosphate was at or near limits of detection (< 0.05 µM), but nitrate concentrations during our springtime cruise were relatively high for this area (3.4 to 6.0 µM), probably due to vertical mixing events immediately before and during the cruise. Although dissolved Fe was not measured during our cruise, previous work in this region has typically measured levels that range from 0.60 to 0.80 nM (Wu & Luther 1994 . Total chl a levels were also low, ranging from 0.05 to 0.14 µg l -1 (Table 2) . Bacterial cell counts were highest at Stn 6 where the total chl a value was the highest, but were lower at Stn 12 where the total chl a value was about half that of Stn 6. Stn 12 had the highest nitrate levels of the 3 Sargasso Sea stations, and Stn 15 had the lowest values of all the parameters measured.
In the Sargasso Sea incubations at Stns 6 and 15, uptake of Fe originally added in inorganic form was much higher (up to 100-fold) than from any of the ligand complexes (Fig. 7) . At Stn 12, however, Fe uptake in the inorganic treatments was approximately equal to uptake in the 2 porphyrin-complexed treatments (chlorin e 6 and phaeophorbide ~1.8 × 10 -20 mol 55 Fe cell -1 , over a 2 d period). Porphyrin-bound Fe was more available to the bacterial size-class than siderophore-bound Fe at Stns 12 and 15, but there was no significant difference between the porphyrin and rhodotorulic acid treatments at Stn 6 (p > 0.05). Fe bound to the trihydroxamate siderophores ferrichrome and desferrioxamine B was relatively unavailable to the community at Stn 12 (< 0.2 × 10 -20 mol 55 Fe cell -1 over a 2 d period). The availability of phytic acid-complexed Fe was similar to rhodotorulic acid at Stn 15 (~0.7 × 10 -20 mol 55 Fe cell -1 over a 2 d period), and not significantly different from the porphyrin and rhodotorulic acid complexes at Stn 6 (p > 0.05).
Normalization of the same Sargasso Sea organic Fe uptake data (Fig. 8) suggests that very little of the organically bound Fe was utilized at any station in the Sargasso Sea relative to inorganic Fe, except for Fe bound to chlorin e 6 (1.1) and phaeophorbide (0.8) at Stn 12. All other average inorganic Fe-normalized values are < 0.4, suggesting that Fe added in the inorganic form was much more efficiently utilized than the Fe complexed to the model ligands. Normalized uptake of Fe bound to protoporphyrin IX at Stn 6 (0.40) was ~5.5× greater than Fe bound to same ligand at Stn 15 (0.07). Stn 6 also demonstrated considerably higher normalized utilization of the rhodotorulic acid (0.42) and phytic acid complexes (0.23) than at Stn 15 (both 0.02).
DISCUSSION
Uptake of inorganic versus organically bound Fe
In many of our laboratory and field experiments, iron originally added in inorganic form was the most available to marine bacteria. Both the cultured alpha and gamma proteobacteria had the highest Fe uptake rates in the treatments where Fe was added in inorganic form. In particular, the alpha proteobacterium IRI-16 demonstrated very little ability to utilize organically bound Fe, but uptake was also highest in the inorganic treatments for the gamma proteobacterium Vibrio natriegens. The field results from the Sargasso Sea were similar, in that the natural bacterioplankton at 2 out of the 3 stations had much higher uptake rates in the inorganic treatments than in the model ligand treatments. The bacterioplankton of the California upwelling, however, were able to utilize Fe bound to our model ligands just as efficiently, if not more so, as in the treatment where Fe was added in inorganic form. The fact that the bacterial community utilizes the same ligand with very different efficiencies at different stations suggests that factors other than just ligand structure have a large effect on uptake. For instance, the growth rates, history, and degree of limitation by carbon or other nutrients may affect whole community uptake rates. A community growing at very low ambient Fe concentrations would also likely have an elevated uptake rate. Because different bacterial taxa may have differing abilities to use particular organic Fe sources, community composition is also undoubtedly a factor. These last 2 suggestions are supported by the results of our lab experiments comparing Fe-stressed and Fe-replete gamma and alpha proteobacteria.
An apparent preference for Fe added in inorganic form does not necessarily imply that the iron was taken up in this form. In the field experiments, the added inorganic Fe would have rapidly equilibrated with excess natural ligands (Witter et al. 2000) . These results could therefore indicate that naturally-occurring ligand complexes are sometimes more available to bacteria than our model ligand complexes. In the laboratory experiments the seawater was first UV-oxidized to remove natural ligands, but it is possible that uptake of the 'inorganic' Fe was in fact mediated by ligands such as siderophores produced in vitro by the cultured bacteria themselves. Further experiments examining endogenous ligand production would be needed to test this suggestion.
Although we do not know the chemical form of Fe actually assimilated by the bacteria in our 'inorganic' treatments, these results do suggest that both alpha and gamma proteobacteria should be able to efficiently access new Fe inputs entering the ocean from inorganic sources such as dust deposition. Although little is known about direct or indirect Fe effects on bacterial community structure, shipboard experiments in which Fe was added to HNLC communities in inorganic form showed increases in the relative abundance of several gamma and alpha proteobacterial taxa (Hutchins et al. 2001) .
Fe-limited versus Fe-replete uptake rates
In all 4 culture experiments with Vibrio natriegens and IRI-16, the Fe-limited bacteria had higher cell-normalized Fe uptake rates than the Fe-replete bacteria. This was expected, as Fe-limited phytoplankton have higher uptake rates than phytoplankton grown under Fe-replete conditions (Wilhelm & Trick 1994 , Sunda & Huntsman 1995 . Under conditions of Fe stress, uptake systems for organically-bound Fe acquisition are activated, as in the cyanobacterium Synechococcus spp. Siderophores and cell-surface receptor proteins for both endogenous and exogenous ligands may be produced to bring Fe into the cell, and ligand/ligand exchange mechanisms may be involved (Wilhelm & Trick 1994) . Similar mechanisms are likely to operate in heterotrophic bacteria, such as the ones we examined here. 
Relative bioavailability of Fe/ligand complexes
Vibrio natriegens showed strong selectivity among the model organic ligand complexes, and was best at utilizing Fe bound to the siderophores, with only a limited ability to use Fe bound to porphyrins. This supports our original hypothesis that bacteria will prefer siderophore-bound Fe to porphyrin-bound Fe. V. natriegens was very successful at utilizing Fe bound to enterobactin, the only model ligand with a catecholate functional group. This may be largely due to the fact that this species is suspected to produce a siderophore with a catecholate functional group (Granger & Price 1999) , as does another marine Vibrio sp. isolate (Guan et al. 2001) . Rhodotorulic acid was also efficiently used by this species, with almost twice as much Fe obtained from this di-hydroxamate siderophore as from the 2 trihydroxamates ferrichrome and desferrioxamine B. Our field work in the California and the Sargasso Sea, as well as other experiments with a wide range of natural plankton communities in the Atlantic and Pacific (C. Trick et al. unpubl.) , also suggests that rhodotorulic acid is one of the most bioavailable of the model ligands that have been examined. V. natriegens had only limited access to porphyrin bound Fe. If this isolate relies on recognition of exogenous functional groups, porphyrins may not be among the structures recognized . Fe bound to the other non-siderophore ligand, phytic acid, was however utilized by V. natriegens to a noteworthy degree.
In contrast to Vibrio natriegens, IRI-16 had very little success at obtaining any of the organically bound Fe. The high uptake rates in the Fe-deplete 'inorganic' treatments, however, again suggest activation of a high-affinity uptake system such as siderophores. Perhaps this alpha proteobacterium lacks the exogenous siderophore receptors that seem to be present in V. natriegens (Granger & Price 1999 , this study) and Synechococcus spp. ). Another possibility is that the siderophores produced by IRI-16 possess an unusual or unique functional group that was not included in the model ligands we used, such as the β-hydroxy-aspartate found in alterobactin A (Reid et al. 1993) or carboxylates such as in rhizobactin (Hofte 1993) . If so, catecholate, hydroxamate and porphyrin groups may not be recognizable by the bacterium's uptake system.
We cannot make broad generalizations about the influence of organic Fe complexation on competitive success in natural communities, because we only examined one species from 2 subclasses. The ability to use various organic Fe complexes is likely to be highly variable at the genus or even species level (Guan et al. 2001) , and extensive further experimentation is needed to examine the effects of ligand structure to a broad range of marine bacterial groups. Our results, however, show that utilization of Fe bound to organic ligands by Vibrio natriegens and IRI-16 varies greatly, with possible implications for competition and bacterial community structure. Bacteria with Fe uptake capabilities similar to V. natriegens should have an advantage in regions where Fe is mostly bound to catecholate and hydroxamate ligands. For instance, found that gamma proteobacteria were more abundant than alpha proteobacteria at most stations in the California upwelling, an area where Macrellis et al. (2001) also found high concentrations of dissolved hydroxamate and catecholate ligands.
Our laboratory experiments were designed to measure short-term (2 h) uptake rates from the model ligand complexes. Short uptake periods allow normalization of rates to cell numbers, which is not possible when extensive growth occurs during longer experiments. They also minimize the potential for negative feedback regulation of Fe uptake due to cell satiation or saturation of uptake sites. However, it is possible that longer experiments would allow induction of ligand-specific uptake systems and result in higher uptake rates of some forms of complexed Fe. Our results should therefore be considered as near-instantaneous rates, rather than rates of bacteria acclimated to growth in the presence of the model ligands.
The apparent complexity of the relationship between ligand structure and Fe availability to the bacterial community is evident by the results of our field experiments. The hypothesis that prokaryotes prefer siderophore-chelated Fe was not entirely supported by the results from either the Sargasso Sea or the California upwelling. In some cases, bacterioplankton communities utilized porphyrin-bound Fe with an efficiency equal to or greater than utilization of siderophore-bound Fe. Relative uptake of porphyrin-and siderophore-bound Fe also changed considerably from station to station, with no clear pattern. These highly variable results suggest that ligand structure does not have a simple relationship with bioavailability to the community as a whole. The high uptake rates in the 'inorganic' treatments relative to the ligand treatments at several stations are similar to our laboratory results with IRI-16. Bacterioplankton at these stations could be obtaining Fe rapidly from excess inorganic uncomplexed 55 Fe, from 55 Fe bound to the natural ligands, or from an unknown siderophore produced during the incubations, perhaps one with a functional group that was not considered in these experiments.
It is evident from our results that prokaryotes cannot always utilize Fe bound to a siderophore and can sometimes obtain iron successfully from porphyrins. Iron uptake characteristics may depend on specifics of community structure, and Fe demand by the bacterioplankton could also vary at each station, depending on their unknown growth history prior to our experiments. These results point out the need for further field research coupling iron bioavailability studies with indepth community composition analyses, to obtain a comprehensive understanding of the role that Fe ligand structure plays in the cycling of Fe by heterotrophic bacteria in the oceans.
